Most commercial soybean varieties have yellow seeds due to loss of pigmentation in the seed coat. The inhibition of seed coat pigmentation is due to naturally occurring posttranscriptional gene silencing (PTGS) of the chalcone synthase (CHS) genes. In the present study, RNA gel blot analysis in different tissues indicated that endogenous CHS siRNAs are accumulated only in the seed coat, supporting the suggestion that CHS PTGS is seed coat-specific. The probe region of a CHS gene was divided into several parts, each of which was used for RNA gel blot analysis in the seed coat. Interestingly, endogenous CHS siRNAs were only detected with probes corresponding to the exon 2 region. The results were confirmed by deep sequencing analysis of CHS siRNAs in the seed coat, i.e., CHS siRNAs were predominantly derived from the 3′-half of exon 2 of the CHS gene. Mapping of CHS siRNA sequences on CHS genes and an inverted repeat region of the CHS pseudogene (pseudoCHS3) suggested that primary CHS siRNAs may be generated from double-stranded RNA of pseudoCHS3, and subsequently secondary CHS siRNAs may be produced according to the two-hit model, which has been proposed to explain siRNA amplification by the RNA-dependent RNA polymerase.
Introduction
In soybean (Glycine max), seed coat pigmentation is controlled by the classically defined I locus, in which the dominant I allele inhibits pigmentation over the entire seed coat, resulting in production of yellow seeds, whereas the homozygous recessive i allele confers fully pigmented seed coats, resulting in production of pigmented seeds. Seed color is one of the most important characteristics in soybean breeding, because it indicates the high quality of yellow soybeans. It has been shown that the mRNA level of the chalcone synthase (CHS) gene is reduced specifically in the seed coat of yellow soybean by naturally occurring posttranscriptional gene silencing (PTGS) . As CHS is the first committed enzyme of the branch of the phenylpropanoid pathway leading to biosynthesis of anthocyanin and proanthocyanidin pigments, PTGS of the CHS gene, abbreviated as CHS PTGS, is likely to be the basis for the inhibition of seed coat pigmentation in yellow soybean . In other tissues such as the stem, root, leaf, young pod, and cotyledon, no obvious differences were found in CHS mRNA levels between yellow and pigmented soybean plants, suggesting that naturally occurring CHS PTGS is restricted to the seed coat (Tuteja et al. 2004) . In plants, PTGS is a sequence-specific RNA degradation mechanism mediated via short interfering RNAs (siRNAs), and is triggered by the long double-stranded RNA (dsRNA) structure of the target gene. dsRNA of the target gene is cleaved by Dicer or Dicer-like enzyme (DCL) into siRNAs. siRNAs are small RNAs 21-24 nucleotides (nt) in length that are incorporated into a multi-subunit nuclease, referred to as the RNA-induced silencing complex (RISC). By Watson-Crick base pairing, the siRNAs guide RISCs to the complementary or near-complementary target mRNA, which is then cleaved by the slicer activity of Argonaute protein (AGO) present within the RISC (Meister and Tuschl 2004) .
In support of the naturally occurring CHS PTGS, endogenous CHS siRNAs were detected in the seed coat of yellow soybean , Kasai et al. 2009 ). Recently, we identified a candidate of the I gene designated GmIRCHS (Glycine max inverted repeat of CHS pseudogene) (Kasai et al. 2007) . GmIRCHS consists of the 5′-portion of GmJ1 including the promoter region and an inverted repeat of CHS pseudogene (pseudoCHS3). GmJ1 encodes a type III DnaJlike protein with only a J-domain (Cheetham and Caplan 1998, Miernyk 2001) , but its function is still unknown. It is possible that transcription of GmIRCHS leads to the formation of dsRNA of pseudoCHS3 and is the trigger for CHS PTGS (Kasai et al. 2007) . In soybean, CHS is a multigene family composed of at least nine members, CHS1-CHS9 Dube 1995, Tuteja and Vodkin 2008) . In the seed coat of pigmented soybean (i/i genotype) in which CHS PTGS is abrogated, the transcripts of CHS7 and CHS8 constitute the majority of total CHS mRNAs, and transcripts Communicated by T. Anai Received October 13, 2009 . Accepted November 5, 2009 from other CHS genes were detected at low levels , Tuteja et al. 2004 .
In contrast to CHS mRNAs, endogenous CHS siRNAs in yellow soybean have not been characterized in detail. In this study, using RNA gel blot and deep sequencing analyses, we investigated endogenous CHS siRNAs in soybean. Based on our data, we discussed the induction of CHS PTGS in the yellow soybean seed coat.
Materials and Methods

Plant materials
The yellow soybean with the I/I genotype used in this study was the strain Karikei 557, which was developed by the National Agricultural Research Center for Tohoku Region, Japan. The pigmented soybean line Karikei 557M is a spontaneous mutant line with the i/i genotype, and has pigmented seed coats. Karikei 557M was isolated spontaneously from Karikei 557. In the Karikei 557M seed coat, CHS PTGS is abrogated probably due to loss of the IR structure of the pseudoCHS3 gene in GmIRCHS by 3.3-kb deletion, which is the same pattern as that of THM, a pigmented soybean mutant line with the i/i genotype (Kasai et al. 2007 ).
Small RNA extraction and RNA gel blot analysis Extraction of small RNA from seed coats and detection of CHS siRNAs were performed essentially as described previously . Sense-and antisense-specific riboprobes for detecting CHS siRNAs were synthesized from the pBluescript SK+ plasmid containing the full-length or part of the soybean CHS7 ORF (open reading frame) region. The parts of the CHS7 ORF region were amplified with the primers listed in Table 1 , and inserted into the pBluescript SK+ plasmid digested with EcoRI and HindIII.
Small RNA amplification and sequencing Small RNA samples were size fractioned by 15% TBEurea polyacrylamide gel electrophoresis (PAGE), and the fraction of ca. 15-30 nucleotides was excised with a scalpel. Elution of RNA from the gel, ligation of 5′-and 3′-RNA adapters, and reverse transcription followed by PCR amplification were performed with a Small RNA Sample Prep Kit (Illumina, Inc.) according to the manufacturer's protocol. The amplified cDNA construct was purified by PAGE, pooled, and sequenced using an Illumina Genome Analyzer.
Small RNA mapping to the chalcone synthase genes of soybean The 3′-adapter sequence was trimmed from the raw shortread data, and the resulting short reads (15-30 nt) were mapped to the positive and negative strands of the nucleotide sequences from CHS gene members (CHS1, AB264311; CHS2, X65636; CHS3, X53958; CHS4, X52097; CHS5, L07647; CHS6, L03352; CHS7, M98871; CHS8, AY237728; CHS9, EF623853) and a pseudoCHS3 gene in GmIRCHS (AB264311) based on stringent nucleotide matching. For mapping to soybean CHS1, we did not use the registered soybean CHS1 sequence with the accession number X54644 (Akada et al. 1991) , because a copialike retrotransposon is inserted at the point immediately downstream of the stop codon (White et al. 1994 , Senda et al. 2002a . Instead, we used the registered soybean ICHS1 sequence with accession number AB264311. ICHS1 is a CHS1 gene closely linked to GmIRCHS (Senda et al. 2002a , Senda et al. 2002b , Kasai et al. 2007 .
Results
Accumulation of endogenous CHS siRNAs is specific in the seed coat of yellow soybean throughout seed development
In the seed coat of yellow soybean with the I/I genotype, it was shown previously that CHS PTGS occurred at a very early stage (seeds less than 25 mg in fresh weight) and is maintained throughout seed development (seeds at least 600 
a Each probe region is represented in Fig. 2A . mg in fresh weight) (Wang et al. 1994 . To investigate whether CHS siRNAs accumulate in the seed coat of yellow soybean throughout seed development, RNA gel blot analysis was carried out with small RNAs isolated from seed coats at various stages of seed development. For detection of CHS siRNAs, the ORF region of CHS7 was used as both sense and antisense RNA probes according to Senda et al. (2004) . As shown in Fig. 1A , two bands of small RNAs were detected near 22-and 26-nt DNA oligomers as reported by Senda et al. (2004) , referred to as smaller and larger bands, respectively. These two bands were detected in all stages of seed development from less than 25-mg to at least 800-mg seeds (Fig. 1A) . RNA gel blot analysis was also performed in different tissues, such as the seed coat, cotyledons, and young leaves from yellow and pigmented soybean plants. The smaller band was detected specifically only in the seed coat of yellow soybean, and not in that of pigmented soybean or other tissues in both soybean plants (Fig. 1B) . In contrast, the larger band was detected in all tissues of yellow and pigmented soybean (Fig. 1B) . Previously, comparative analysis of CHS mRNA levels in different tissues (seed coat, stem, root, leaf, young pod, and cotyledon) between yellow and pigmented soybean plants indicated that CHS mRNA level was significantly reduced only in the seed coat of yellow soybean plants compared to that of pigmented soybean plants, suggesting that CHS PTGS is limited in the seed coat (Tuteja et al. 2004) . Our data regarding the smaller band in Fig. 1B strongly supported the seed coat specificity of CHS PTGS. We concluded that the smaller band was likely to be CHS siRNAs, while the larger band was unlikely to be CHS siRNAs.
Detection of endogenous CHS siRNAs with probes covering different regions of CHS7 To examine the distribution of endogenous CHS siRNAs, RNA gel blot analysis was performed with RNA probes covering different parts of the CHS7 ORF region (Fig. 2A) . The CHS7 ORF region consists of two exons (178-bp exon 1 and 992-bp exon 2) split by an intron (Akada et al. 1993) . With both labeled antisense and sense RNA probes containing central and/or 3′-region(s) of exon 2, CHS siRNAs were detected specifically in the seed coat of yellow soybean, but not with probes containing exon 1 and/or 5′-region of exon 2 (Fig. 2B) , suggesting that CHS siRNAs are derived from central and 3′-regions of exon 2. These findings were consistent with a previous report that the CHS siRNA signal was not seen in the yellow soybean seed coat using the 5′-coding region of CHS7 as a probe (Kasai et al. 2007 ). The series of experiments shown in Fig. 1 and Fig. 2 indicated that the CHS7 RNA probes used in RNA gel blot analysis do not detect only CHS7-derived siRNAs, and CHS siRNAs derived from other CHS gene members could also be included in the hybridized CHS siRNAs because of the high degrees of nucleotide sequence identity of the ORF between CHS7 and other CHS gene members [80% (CHS4/CHS7) to 98% (CHS8/CHS7)]. CHS siRNAs were detected by hybridization with either a labeled antisense (first and fourth panels) or sense (second and fifth panels) RNA probe of CHS7 ORF region. The 5S rRNA was used as an internal control to ensure equal loading of small RNA samples (third and sixth panels). The positions for 22-and 26-nucleotide DNA oligomers are shown on the left. nt, nucleotide. Seed coats and cotyledons used in Fig. 1B were collected from seeds less than 50 mg in fresh weight. Fig. 2A . Seed coats for RNA extraction were collected from seeds less than 50 mg in fresh weight.
Identification of small RNAs matching CHS gene members
Deep sequencing technology provides a large volume of sequence data and is well suited to determining the huge numbers of sequences of small RNAs (Lister et al. 2009 ). To capture and analyze the sequences of CHS siRNAs in the seed coat of yellow soybean, we adopted a small RNA deep sequencing approach and obtained a total of 3720322 small RNA sequences. Of the total of 3720322 reads, 9801 reads matched CHS genes (0.26% of the total reads) in either sense or antisense strand. The size distribution of the matched reads showed that the predominant CHS gene-derived small RNAs (CHS sRNAs) were in the 21-and 22-nt size classes, with the 21-nt size class being the most abundant (Fig. 3A) . The phylogenetic analysis of nucleotide sequences in ORFs from nine CHS genes (CHS1-CHS9) led to classification of these genes into two subfamilies, CHS7 and CHS8 members and other CHS gene members (CHS1-CHS6 and CHS9), abbreviated as CHS7/8 and CHS1/2/3/4/5/6/9, respectively (Fig. 4) . On the basis of the nucleotide difference(s), most CHS sRNAs could be assigned to CHS7/8 or CHS1/2/3/4/5/ 6/9. Only five reads were impossible to discriminate between CHS6 and CHS7/8, and these were counted in both subfamilies. PseudoCHS3 in GmIRCHS is more similar to CHS1/2/3/4/5/6/9 than CHS7/8 at the nucleotide sequence level (data not shown), and therefore pseudoCHS3 was added to the CHS1/2/3/4/5/6/9 subfamily. In the CHS7/8, a 21-nt size class constituted most (78%) of the length of CHS sRNAs (Fig. 3B) , while 21-and 22-nt size classes were predominant (42% and 37%, respectively) in CHS1/2/3/4/5/6/9 (Fig. 3C) . In contrast to CHS sRNAs of CHS7/8, in those of CHS1/2/3/4/5/6/9, in addition to the 21-and 22-nt size classes, a substantial number of reads were counted in the 24-nt size class (14% of total CHS sRNAs in the CHS1/2/ 3/4/5/6/9 group) (Fig. 3C ).
For comparison, we also counted the numbers of reads matching CHS genes in the seed coat of a pigmented soybean mutant, in which CHS PTGS does not occur because of the mutation from I to i. Only 0.012% (1140 reads) of the total reads (9826332 reads) matched CHS genes, most of which were in the 24-nt size class, and there were few 21-and 22-nt CHS sRNAs in the pigmented seed coat (Fig. 3A) . A close relationship between the occurrence of PTGS and existence of siRNAs has been reported (Hamilton and Baulcombe 1999 , Hamilton et al. 2002 , Brodersen and Voinnet 2006 . We concluded that at least 21-and 22-nt CHS sRNAs are likely to be CHS siRNAs.
Mapping of endogenous CHS siRNAs on CHS genes
Based on single nucleotide polymorphisms (SNPs), we mapped CHS siRNAs (21-and 22-nt CHS sRNAs) of the yellow soybean seed coat to the CHS7/8 or CHS1/2/3/4/5/6/ 9 subfamily (Fig. 5 ). Although we were not able to find CHS1-and CHS3-specific siRNAs, some of the CHS siRNAs were mapped specifically to each CHS gene (CHS2, CHS4/5, CHS6, CHS7, CHS8, or CHS9) (Fig. 6 and  Fig. 7) ; CHS4 and CHS5 were impossible to distinguish from each other because of high nucleotide similarity. Furthermore, we were able to map CHS siRNAs specific to an inverted repeat of pseudoCHS3 gene in GmIRCHS (Fig. 8, black bars) , because SNPs were detected between pseudoCHS3 and all Fig. 3 . Size distribution of total small RNAs matching: (A) All CHS genes, (B) CHS7/8, and (C) CHS1/2/3/4/5/6/9. Black bars represent the numbers of matched reads (per million) in the yellow soybean seed coat, while white bars represent those in the pigmented soybean seed coat. Fig. 4 . Non-rooted molecular phylogenetic tree of soybean CHS genes. Phylogenetic analysis of nucleotide sequences of ORF regions was performed using the neighbor-joining method (Saitou and Nei 1987) of MEGA version 4.1 (Kumar et al. 2008) .
CHS genes. In both CHS1/2/3/4/5/6/9 and CHS7/8, hotspots were randomly distributed, from which many CHS siRNAs were generated (Fig. 5) . It should be noted that almost all CHS siRNAs were derived from central and 3′-regions of exon 2, and CHS siRNAs were not found in exon 1 and the promoter region except for only two reads mapped to CHS8 exon 1 (Fig. 5 and Fig. 7 ). These observations were consistent with our results in the detection of CHS siRNAs by RNA gel blot analysis (Fig. 2) . Interestingly, in CHS1/2/3/4/ 5/6/9, many CHS siRNAs were also mapped on the 3′ untranslated region (UTR) near the stop codon (Fig. 5) .
Abundance of CHS siRNAs with a different 5′-terminal nucleotide
In Arabidopsis, the 5′-terminal nucleotide identity is thought to be an important determinant for sorting of small RNAs into distinct AGOs (Mi et al. 2008 , Montgomery et al. 2008 , Takeda et al. 2008 . The 21-nt small RNAs with a 5′-terminal U are preferentially sorted into AGO1, whereas those with a 5′-terminal A are preferentially sorted into AGO2 (Mi et al. 2008 ). Moreover, AGO5 shows a preference for 21-, 22-, and 24-nt small RNAs with a 5′-terminal C, while AGO4 prefers 24-nt small RNAs with a 5′-terminal A (Mi et al. 2008) . We analyzed the relative abundances of the 21-and 22-nt CHS siRNAs with different 5′-terminal nucleotides. The relative abundance was calculated as the percentage of the total based on either the number of small RNA reads (A 42.7%, C 19.5%, G 10.7%, U 27.2%) (Fig. 9A) or distinct small RNA sequences (A 31.6%, C 25.0%, G 14.4%, U 29.1%) (Fig. 9B) . Both small RNA readbased and small RNA sequence-based analyses indicated that CHS siRNAs with A or U as the 5′-terminal nucleotide were more abundant than those with C or G. Intriguingly, a similar tendency was observed in TMV (Tobacco Mosaic Virus)-derived 21-nt siRNAs in TMV-infected Arabidopsis plants with regard to the percentage of the total based on either the number of small RNA reads (A 29.7%, C 23.5%, G 19.0%, U 27.8%) or distinct small RNA sequences (A 27.3%, C 24.2%, G 17.6%, U 30.9%) (Qi et al. 2009 ).
Discussion
In soybean, the I gene inhibits pigmentation over the entire seed coat. Inhibition of seed coat pigmentation by the I gene was shown to be due to naturally occurring CHS PTGS . Previously, we identified a candidate I gene, GmIRCHS (Kasai et al. 2007) . In GmIRCHS, the promoter region of the endogenous gene GmJ1 is fused with the IR of the pseudoCHS3 gene, leading to formation of intramolecular dsRNA transcribed from the IR of the pseudoCHS3 gene. As PTGS is triggered by dsRNA of the target gene, GmIRCHS is likely to induce CHS PTGS and inhibit seed coat pigmentation. In the emergence of naturally occurring CHS PTGS, endogenous CHS siRNAs are among the most important factors for sequence-specific degradation of target CHS mRNAs. However, endogenous CHS siRNAs in soybean have not been characterized in detail. In the present study, we identified and characterized endogenous CHS siRNAs by RNA gel blot and deep sequencing analyses. There are at least nine CHS genes in soybean, CHS1-CHS9. These genes were classified into two subfamilies based on nucleotide sequence similarities in the ORFs, CHS1/2/3/4/5/6/9 and CHS7/8 (Fig. 4) . The remarkable features of endogenous CHS siRNAs determined in this study were as follows. (1) CHS siRNAs were detected only in the seed coat of yellow soybean throughout seed development. This strongly supports the previous report that the decrease in CHS mRNA level in the yellow soybean was seed coatspecific (Tuteja et al. 2004) . (2) CHS siRNAs specifically matching the IR of pseudoCHS3 in GmIRCHS were identified. (3) CHS siRNAs specifically matching most of the CHS genes were identified. (4) Almost all CHS siRNAs were derived from central and 3′-regions of exon 2. (5) Many CHS siRNAs were mapped on the 3′ untranslated regions (UTRs) in CHS1/2/3/4/5/6/9, but not on those in CHS7/8.
In the IR of pseudoCHS3 in GmIRCHS, the size of the counterpart was 1087 bp, consisting of a 955-bp sequence corresponding to most of exon 2 and 132 bp of 3′-UTR sequence, missing the 5′-coding sequence including exon 1 and the 5′ part of exon 2 (Fig. 8) (Kasai et al. 2007) . RNase protection assay suggested that the IR is completely transcribed and a 1087-bp intramolecular dsRNA of pseudoCHS3 is formed (Kurauchi et al., unpublished) , from which primary CHS siRNAs could be generated by DCL. In plants, RNA-dependent RNA polymerase (RDR) amplifies the accumulation of siRNAs that mediate PTGS (Voinnet 2008) . A two-hit model has been proposed to explain the RDR-dependent production of siRNAs in plants (Axtell et al. 2006) . According to this model, the internal RNA product of dual miRNA-or siRNA-directed cleavage could be recognized as a substrate for RDR activity, which produces a dsRNA followed by siRNA generation. The primary CHS siRNAs are likely to guide RISCs to the complementary or near complementary sites in all CHS mRNAs, leading to the target cleavage. Production of primary CHS siRNAs from a 1087-bp intramolecular dsRNA is limited only in most of exon 2 and the 3′-UTR of pseudoCHS3, and therefore, primary CHS siRNA-directed cleavage sites in CHS mRNAs are restricted to exon 2 or the 3′-UTR. The levels of nucleotide identity between the 955-bp sequence of pseudoCHS3 and corresponding region of each CHS gene member are high, ranging from 82% (CHS7/pseudoCHS3) to 99% (CHS5/pseudoCHS3), suggesting that primary CHS siRNAdirected cleavage sites are likely to be in the exon 2 region for all CHS genes. The two-hit model may explain why endogenous CHS siRNAs are derived from only exon 2 of the CHS genes. In contrast, nucleotide sequence alignment of the 132-bp 3′-UTR sequence in pseudoCHS3 to the corresponding region of each CHS gene member in CHS1/2/3/4/ 5/6/9 was possible (data not shown), but not possible in CHS7/8, suggesting that primary CHS siRNA-directed cleavage sites are likely to be present in the UTRs of CHS1/ 2/3/4/5/6/9 mRNAs, but not in those of CHS7/8 mRNAs. Thus, the two-hit model may also explain why many CHS siRNAs were mapped to the 3′-UTR in the CHS1/2/3/4/5/6/ 9, but not on that in CHS7/8. Further research is needed to clarify whether secondary CHS siRNAs are produced according to the two-hit model.
In our previous report, we proposed a model for how GmIRCHS induces CHS PTGS (Kasai et al. 2007) . Taken together with the CHS siRNA data obtained in this study, we modified the model (Fig. 10) . In the modified model, by the function of DCL, primary CHS siRNAs are first produced from intramolecular dsRNA of pseudoCHS3 transcribed from GmIRCHS. Second, RISCs are guided by CHS siRNAs to complementary or near-complementary CHS mRNAs of all CHS genes, and these CHS mRNAs are subsequently cleaved by the slicer activity of AGO in RISC. Third, aberrant CHS RNAs where two siRNA-directed cleavage events occurred are recognized as substrates for RDR, and complementary RNA is synthesized and the resulting dsRNA of all CHS gene members are cleaved into secondary CHS siRNAs by DCL. CHS siRNAs of all CHS genes are amplified by repeating the second and third steps. Finally, CHS siRNAs guide RISCs to CHS mRNAs followed by cleavage, and the cleaved CHS mRNAs are degraded and the levels of CHS mRNAs are markedly reduced.
The yellow color of seeds caused by inhibition of seed coat pigmentation is an important character in soybean. In Fig. 10 . A modified model for induction of CHS PTGS by GmIRCHS. We adopted a two-hit model to determine the substrate for RDR activity.
addition, the inhibitory effect of naturally occurring CHS PTGS on seed coat pigmentation is an interesting phenomenon in RNA silencing. Further studies are required to elucidate the molecular mechanism underlying the inhibition of seed coat pigmentation in yellow soybean.
